The present study aims to apply and validate a simple model describing the forces that are built up along the dies of a pellet press matrix to the pelletization of torrefied biomass. The model combines a theoretical background with the use of a single pellet press to describe the pelletizing behavior of torrefied material in an industrial scale pellet mill. Wet torrefaction and dry torrefaction pretreatments are considered in the study. Both torrefaction concepts produce a fuel with enhanced properties including a lower moisture content, higher calorific value, and better friability. The fuel shows closer properties to coal and it is more economical to transport and better to store due to its hydrophobic characteristics. The goal of the present study is to allow for a fast estimation of important pelletization process parameters, to get a better understanding of the pelletization process and to avoid time consuming as well as expensive trial and error experiments.
INTRODUCTION
Biomass can make an important contribution and help the development of future sustainable and renewable energy systems, due to its potential to completely replace fossil fuels (coal and oil) in many applications. However, the efficient use of biomass and complete replacement of fossil fuels, in systems originally designed for them, is limited due to some undesirable characteristics that biomass presents 1 . Some of these characteristics are high heterogeneity, high moisture content, high alkali content, low heating value, low bulk density, poor grindability as well as storage problems [2] [3] [4] [5] .
So, in order to improve its properties for industrial applications, biomass often needs to be pretreated. Torrefaction and pelletization are two remarkable pretreatment processes and their combination results in the production of solid fuels with enhanced physical, chemical and fuel properties than the original raw biomass 2 . These energy dense solid fuels are an interesting option as replacement for coal in existing power plants 6 .
Presently, two torrefaction processes exist: wet and dry 2, 3, 7 . Dry torrefaction (DT) has received a lot of attention in the last twenty years and it is now available in the market. However, the process is not completely optimized and different feedstocks and concepts require different operating conditions that have not been well determined yet 8 . Dry torrefaction is defined as a thermochemical pretreatment process typically at 200-300 °C in the absence of oxygen, at atmospheric pressure, with low heating rates (less than 50 °C/min) and a holding time at maximum temperature of less than 1 hour.
In contrast to dry torrefaction where biomass is torrefied in the gas phase, wet torrefaction (WT) takes place in hydrothermal media or hot compressed water at temperatures between 180 and 260°C. WT has also been considered for energy applications (gasification, combustion and pyrolysis) 8-10 but to a lesser extent than DT and mainly with a focus on using low cost biomass sources. WT is well suited to upgrade feedstocks with undesirable characteristics, such as: high moisture and ash content, fibrous composition, and low bulk density 11 . It modifies the structure making the fibers more brittle, while water typically dissolves more than 98% of the chloride and alkali salts 11 . This treated biomass can be mechanically dewatered, which minimizes the need for thermal drying.
Both torrefaction concepts produce a fuel with improved properties including a higher calorific value, lower equilibrium moisture content and improved friability 2, 8, 12, 13 . During combustion, the fuel has closer properties to coal, such as more stable burning characteristics, than raw biomass 14, 15 .
During gasification, the efficiency and the quality of the syngas are improved 16, 17 . For fastpyrolysis, the yield of byproducts is decreased and the quality of bio-oil improved by the use of torrefied biomass instead of raw biomass 18, 19 . In addition, torrefied biomass pellets have a higher volumetric energy density than those made from untreated biomass. These properties allow pelletized torrefied biomass to be more economical to transport and better to store due to its hydrophobic characteristics 20 .
The increasing demand of pellets for energy purposes together with the advantageous characteristics that pellets from torrefied biomass present, call for further investigation and optimization of the torrefied biomass pelletization process. Different studies can be found concerning pelletization of DT biomass [21] [22] [23] [24] [25] [26] [27] but very few regarding pelletization of WT biomass 8, 28 . However, several studies regarding pelletizing of pretreated biomass in a process similar to WT can be found in the literature under the name "hydrothermal carbonization" (HTC) [29] [30] [31] [32] . Although sometimes WT has been referred as HTC; the two processes are different. In WT, the energy efficiency is more critical and thus it is usually carried out at lower temperatures. WT focuses on producing high-grade solid fuels for energy applications. On the other hand, HTC is used to produce charcoal that can be used as a fuel but also in other applications as activated carbon, fertilizer, soil enhancer, etc. 8 These studies show that there are many parameters and variables that affect the biomass pelletization process and the resulting product characteristics. Rudolfsson et al. 33 presented a study that mapped the combined effects of key parameters of torrefaction and pelletization on the pelletizing process and the resulting pellet quality. Nielsen et al. 34 focused on the study of the pelletization process and divided it into three components (compression, flow and friction) that together represent the overall energy consumption of the process. Tumuluru et al. 35 reviewed different compression models used in biomass densification. However, optimization of pelletization process is still mainly based on trial and error and personal experience. Thus, finding the optimal processing conditions is time consuming and expensive. In this sense, Holm et al. 36, 37 developed a theoretical model that describes the forces built up along the dies of the pellet mill matrix. The model combines modelling with the use of a single pellet press to imitate the biomass pelletizing behavior in industrial scale pellet mills. This permits a rapid determination of optimal values for important process parameters such as moisture content, pelletization temperature and die length.
The model was successfully validated for Scotch pine shavings and European beech shavings 38 but not for torrefied biomass. Pelletization of torrefied biomass has, for long time, been an underestimated bottleneck in the production process of torrefied fuels and their commercialization 39 . For this reason, further efforts are required to study the pelletization of torrefied materials, especially WT biomass, in large scale pellet mills. In this sense, the present paper applies the mentioned model to the pelletization of DT willow and WT giant reed. It wants to prove the usefulness of the model also for torrefied biomass and to provide the large scale pellet mills with an easy and inexpensive procedure for the evaluation of the pelletization behavior of different torrefied materials.
MATERIALS AND METHODS

Materials
In the present study, two different kinds of biomass were considered: willow and giant reed (Arundo donax). In both cases, the pre-treatment (dry and wet torrefaction) was carried out in the Energy research Centre of the Netherlands (ECN) as part of the LogistEC project activities.
Giant reed was provided by CRIBE (Centro Interuniversitario di Ricerca sulle Biomesse da Energia, Pisa, Italy) and pretreated using wet torrefaction. The wet torrefaction pretreatment principle, named TORWASH by ECN, is summarized in Figure 1 .
Figure 1. TORWASH (wet torrefaction) process scheme
Giant reed was milled until the particle size was below 1 cm. Then, it was washed, inside a mesh bag, for 15 minutes in warm demineralized water in an industrial washing machine. After this step, the biomass was dried by spinning and 90% of the dry matter was recovered. Washed giant reed was torwashed in an autoclave for 30min at 200ºC. Demineralized water was added at a ratio of L/S = 7.5 (dry base). After cooling, the content was filtered. The wet filter cakes were collected and pressed in a Carver Die industrial press at 67 bar static pressure to get wet discs. 60% of the mass, containing 68% of the energy originally present in the feedstock, was recovered after the wet torrefaction pretreatment. A more detailed description of the process as well as composition of the effluents can be found elsewhere 40 .
the pilot scale facilities of ECN. The torrefaction was carried out during 45 minutes at 260ºC.
The moisture content of the samples received from ECN was measured by drying them at 105ºC for 24h in an oven (according to ISO 18134-1:2015) and it was 1.43% for DT willow and 9.30% for WT giant reed. Both samples were ground in a knife mill (Retsch SM 2000) with a Ø 4mm screen resulting in the particle distribution presented in Figure 2 . The samples were sieved according to the standard EN 15149-2:2010. Only the fraction in the particle size range of 0.25 -1 mm was used for the tests in the single pellet press. 
Methods
Holm et al. 36 presented a theoretical model, based on the Poisson's effect, that describes the forces built up in a press die when the pellet is pressed through the die. The Poisson's effect, measured by the Poisson ratio (υ), is the expansion in directions perpendicular to the direction of compression.
Because wood is an orthotropic material, υ is different in each direction (x, y and z). In the model, wood fibers are assumed to be perpendicularly oriented to the long direction of the die channel.
Other terms also included in the model are: the compression ratio (c) and the material specific sliding friction coefficient (µ). The prestressing term (PN0) is a constant term and accounts for the inelasticity. So, the pelletizing pressure (Px) that is required to press out a pellet of x length can be calculated as follows 37 :
Where υLR is the Poisson's ratio, PN0 is the prestressing term, r is the radius, µ is the sliding friction coefficient and x is the length of the die channel.
The problem that Eq. 1 has is that PN0 needs to be determined experimentally and υ and µ values are difficult to find for different materials because they depend on the type of biomass, the moisture content and the temperature. Holm et al. 37 solved this problem by defining two new parameters (U and J) that result from the combination of µ, υ and PN0 . U and J parameters can be estimated by conducting few experimental tests in a single pellet press and are defined as follows:
Eq. 4
Introducing Eq 2-4 in Eq 1 leads to:
( ) = ( 4 − 1) Eq. 5
As it was shown in 36 , for small c (c<<1), Eq. 5 is given as
Eq. 6
So, in this limit of small c, it is possible to determine U from the slope of the linear fit of Px versus c. Once U value is known, J value can be determined by fitting Eq. 5 to all the data points measured experimentally in the single pellet press. For this procedure to be valid, the measurements need to be carried out at small compression ratios so the differences in Poisson's ratios can be neglected.
The extrapolation to high c values involves introducing a degree of uncertainty. But the model has, in previous works, given a fair estimation of the pelletizing pressure at high c values 38 .
The procedure followed in the present study was to make 3 or 4 pelletizing tests in a single pellet press unit in the linear region (0.7<c). Then, U was calculated from the linear slope obtained from the linear fit applied to the experimental data in the linear region (including 0,0). Later, five more experimental measurements were carried out at higher compression ratios (1<c<4) and the J value was determined by adjusting a nonlinear fit of Eq. 5 to all the data points measured experimentally in the single pellet press. In this fit, the previously obtained value of U was used. At least, four repetitions were done for each measurement. The average value was used and the standard deviation calculated. For each biomass, the measurements were carried out at four different die temperatures (60, 80, 100 and 120ºC). All the pellets made in these tests were built up in sequential layers to emulate the pellet production process in an industrial pellet mill 38 .
Single pellet press
The single pellet press used to produce the pellets was designed and made at DTU (Technical University of Denmark) 41 . It produces one pellet at the time in a cylindrical 8 mm diameter hardened steel die. The die is surrounded by heating elements that allow for operation at different temperatures by using a thermocouple connected to a control unit. The single pellet press is thermally insulated and the pressure is applied by a hydraulic press on a tightly fitted piston against a fixed backstop ( Figure 3) . A 50 kN load cell detects the force applied. When the pellet reaches the desired size, the back stop is removed and the pressure applied on the piston is increased until the pellet starts moving down in the die. The load cell measures the back pressure arising from the friction along the die walls (Px) that corresponds to the minimum pressure to start the movement.
All pellets were built up in sequential layers to mimic the process in large scale pellet mills. For each layer a maximum pressure of 200 MPa with a holding time of 10 s was applied. 
RESULTS AND DISCUSSION
An example of how the fitting of the model to the experimental data was carried out for WT giant reed at 60ºC is shown in Figure 4 . The circular points in the figure correspond to the linear region, at small compression ratios, of pelletization pressure (Px) versus compression ratio. These values were used to determine the U parameter of the model by adjusting a linear regression fit (red solid line). Then, the J parameter was calculated by adjusting a nonlinear fit of Eq. 5 to all the measured data points from the single pellet press. So, a value of U and J parameters was obtained for each temperature. For all temperatures and low compression ratios, the Px values showed good linearity so it was acceptable to use a linear least-square fit to determine the U parameter. It was not possible to achieve lower compression ratios because of the lowest detection limit of the load cell. However, the fittings for the different temperatures provided good results. Figure 5 shows the U and J values found at different temperatures for WT giant reed. As previously observed by Holm et al. 37 for untreated spruce and beech, the U parameter shows a temperature dependence and it decreases, linearly, when the pelletizing temperature increases. However, it seems that there's no systematic correlation between J parameter and the temperature. Following the procedure of Holm et al. 37 , the correlation between the J parameter variation and the U parameter variation was studied. This was done by assuming the linear fit given in Figure 5 The same procedure as described before was followed for DT willow. J and U values found for different temperatures are presented in Figure 7 . U and J parameters followed the same behavior than that observed for WT giant reed. In consequence, the linear fit given in Figure 7 for U was assumed and new J values were calculated for each temperature. Figure 8 shows the experimentally obtained data points together with the curves calculated using the model. Linear U values, according to Figure 7 , and a constant J value of 0.0893 (average value) were considered. It can be observed how the model is also able to describe the experimental data of DT willow well. Both Figure 6 and Figure 8 show that the temperature influence on the pelletization pressure for torrefied material can be explained by using the model described in Holm et al. 37 . The U value is considered as a linear function of the temperature and J is approximated by a constant. In both cases, as expected, increasing the pellet length increased the pressure needed to push the pellet out.
It is known that the length of the press channel and the compression ratio are the most relevant factors affecting the pressure built up in the die of a pellet press 36, 42, 20 . Published data clearly indicates that there is an exponential correlation between the compression ratio and the built up pelletizing pressure 43 . On the other side, it was also observed how decreasing the die temperature also increased the pelletizing pressure. Stelte et al. 44 suggested that the friction in the press channel is lowered due to polymer softening and extractive migration to the pellet surface caused by high temperatures. In addition, the glass transition temperature of lignin is likely increased during the torrefaction process due to the decrease of moisture in the biomass 39 . Thus, increasing the pelletizing temperature compensates for the increase of the softening temperature of the lignin and favors the extractive migration. Different studies have also indicated that temperature increase results in better pellet quality and less friction during pelletization 27, 33 .
Direct comparison between pelletization of wet and dry torrefied material cannot be made because different biomass species were used for each pretreatment. But comparing Figure 6 and Figure 8 shows how, at any temperature, DT willow requires less pelletization pressure than WT giant reed.
It also shows how increasing the compression ratio causes a higher increase on the pelletization pressure of WT giant reed than of DT willow. When comparing the specific slopes of the linear fits for U values ( Figure 5 and Figure 7 ), WT giant reed shows a stronger temperature dependence. This means a faster decrease in friction when increasing the temperature for WT giant reed than for DT willow. DT willow presents a lower temperature dependence of the U parameter when compared with WT giant reed. This could be related to a greater extractives content on DT willow. This point would also explain the lower pelletization pressure requirements of DT willow compared with WT giant reed observed in Figure 6 and Figure 8 .
It is known that the pelletization pressure depends on the wood species, particle size distribution, extractives and moisture content. In consequence, some additional pelletizing experiments were carried out at different moisture contents and at a die temperature of 100ºC. These pellets were made with 4 sequential layers of 0.25g each. The results are presented in Table 1 and show that, for the same moisture content, the pelletizing pressure of WT giant reed is always higher. However, WT giant reed shows a higher decrease of pelletizing pressure when increasing the moisture content while DT willow shows similar values for different moisture contents. The decrease of the pelletizing pressure can be explained by an increase in the molecular mobility of lignin and hemicelluloses and other low glass transition temperature extractives when increasing the moisture content. So, the different behavior between the two samples could be due to a different content of amorphous polymers and extractives. Another factor that could influence the higher pelletizing pressure required by WT giant reed is that it presents a particle size distribution dominated by smaller particles compared to DT willow (Figure 2 ).
Using two different kinds of biomass with two different pretreatments, doesn't allow the authors to conclude if possible different extractives and lignin contents are because of different biomass species or different thermal pretreatments. So, further investigations are required to evaluate the influence of different pretreatments and PSD on pelletization process. 
CONCLUSIONS
In the present work, it has been shown the usefulness of the pelletization model developed by Holm et al. 36, 37 to fit pelletization pressure data experimentally obtained in a single pellet press for torrefied material. Giant reed and willow have been used, the first one after undergoing a wet torrefaction (WT) pretreatment and the second one after a dry torrefaction (DT) pretreatment. The x: length of the die channel
